Abstract. The Bates Linear Accelerator uses six 5-MW 2.856-GHz RF transmitters. Phase drifts between the transmitters' 12 klystrons of greater than 0.5 degrees, or any amplitude drifts, compromise beam delivery and are a common occurrence. Instrumenting the phase shifts of these klystrons for machine diagnostics has received high priority. The hardware at the Bates facility that has been developed over the past seven years has proven very flexible. It is employed as a slow monitoring system of 14 phase and amplitude channels with VME hardware under EPICS, and as a fast jitter measurement system. We have recently measured phase jitters between the master oscillator reference line and klystron outputs, RF cavity outputs, drive laser detectors, waveguide loads and beam position monitors at two facilities. The resolution and repeatability of the medium level passive mixer implementation are better than 0.2 degrees for measurements of 5 to 60 seconds. This represents an R.M.S. jitter resolution of 20 fs. Data are presented for the above implementations and measurements. We are investigating the use of harmonic cavities and frequency up-converters for further improvements in jitter measurement resolution.
INTRODUCTION
For many facilities, control and instrumentation of RF fields with a resolution of ~1 degree provide sufficient accuracy for reliable accelerator operation. However, a new class of accelerators and RF or laser timing systems is emerging with extremely demanding phase detection specifications. These systems, including seeded free electron lasers and ultra-stable laser-based RF sources, will require timing measurement errors to better than 50 fs and control of RF phases to significantly better than 0.1 degrees at GHz frequencies.
In systems where abundant RF power taps are available for diagnostics and controls systems it was found that the use of simple passive double balanced mixers for the measurement of phase drifts and jitter can meet this performance level. This paper documents the efforts of the Bates Linear Accelerator Center in the measurement of phase drifts at pulsed S-band and higher RF frequencies. While no novel use of RF components is claimed, this work is a reference for other engineers tasked with the monitoring and control of RF systems.
IMPLEMENTATIONS
Three phase detection systems have been developed: a 14-channel phase and amplitude monitoring system with dedicated hardware at the transmitters with digitization and display under EPICS measuring output klystron level deviations and phase drifts against the reference line; a single-channel, portable, self contained phase and amplitude system with analog IF output; and a wideband (2 -18 GHz) phase detector prototype.
EPICS Based Phase and Amplitude Monitoring of the MIT Bates
Accelerator RF
The MIT Bates accelerator is a pulsed RF structure operating at 2.856 GHz. Twelve CPI klystrons are situated along the length of the 200 m LINAC. Each klystron is capable of delivering 5 MW of RF power for 30 µs at a repetition rate of 600 Hz. Reliable operation of the machine requires that the relative phase of the 12 klystrons must be maintained to better than 1°. Similarly, the relative amplitude stability of each klystron must be maintained to better than 10 -3 . In addition two other RF devices are instrumented, the RF chopper and pre-buncher.
To better meet these requirements Bates has constructed an RF phase and amplitude monitoring system (PAM). This system samples a small fraction of the RF immediately downstream of each of the twelve klystrons. The complete system includes several main components: RF phase and amplitude detectors, analog signal conditioning, VME based digitizing and EPICS software for monitoring and calibration. The system has been in service for six years. The phase detection analog IF portions performance, in situ at the transmitter with the RF port fed a copy of the LO port usual master oscillator signal, measures a 50 uV R.M.S. deviation 1 over one minute, or 0.013 degrees or ~12 fs. Fig. 1 is one of the RF chassis installed in the RF vault. The input is via N connectors and semi-rigid coax cables from the waveguide directional couplers. Off-the-shelf RF components (listed in Appendix I) are used. The Reference line tap is attenuated to ~ +21 dBM and split to the two mixers' LO ports. The RF inputs are individually attenuated to normalize to +18 dBM and 100-MHz wide band-pass filters 2 are utilized. 360-degree electronic phase shifters are implemented and under software control null the mixer output and calibrate the digitized data to the corresponding phase shifts in absolute degrees. The output of the mixers and pin diode detectors is impedance matched, fanned out, and routed to custom gated integrators and a custom video matrix switch. The integrators integrate and hold a gated portion of the pulsed signals and are reset immediately before the next gate pulse. This s/h signal is routed to the VME digitizers. Further details of this system can be found in a paper titled "The Bates Phase and Amplitude Monitoring System," submitted to ICALEPS 2001 3 . Over the past years the PAM system has proved enormously useful for catching step discontinuities in the unregulated high voltage applied to the klystrons; for monitoring and correcting phase drift of one or more klystrons; and in establishing a clear correlation between a slow 3° phase drift on all klystrons and the primary water cooling system temperature. This PAM information is presented to the operations group and accelerator scientists through a set of EPICS tools, MEDM strip charts, bar charts and archived data. This information has enabled the operations group to more easily set and restore the phasing of the machine. It allows them to more effectively troubleshoot malfunctioning components of the RF system.
Shown in

A Portable S-Band Phase and Amplitude Detector
As mentioned in the introduction, new classes of accelerators under investigation will require very tight phase drift and jitter performance. Some effort was spent in investigating if a corresponding class of RF diagnostic tools existed, but no commercial equipment was found with specifications in the sub-picosecond range. The Bates PAM system, as described in the previous section, was shown to measure sub-0.1-degree phase jitter between the reference line and some output klystrons. A portable system was built to explore the limits of performance. As shown below in Figs. 2 & 3, this unit houses much of the same RF components as the RF vault PAM system. In addition, a 1-db/step rotary S-band attenuator is included in-line with the RF port to readily normalize differing RF levels. The manual 360-degree S-band phase shifter allows mixer calibration and nulling 4 . This portable system was used for jitter analysis both at the Bates facility and at the Argonne National Laboratories' Advanced Photon Source. By no means is the presentation of this data to be a comparison of the RF systems, simply a set of data from two 2.856-GHz RF systems. Figure 4 is a summary of the results of the distribution of 1 minute of 6-Hz RF pulses from the Bates accelerator RF system. The data point furthest to the left is the limit of the phase detector resolution, 12 fs. This is calculated by multiplying the sigma spread of the 360 IF voltage means (50 uV 6 ) with the slope of the mixer (determined via shifting the phase 360+ degrees). Most of the RF systems performance is sub-100-fs R.M.S. of pulse-to-pulse jitter, or sub-0.10-degrees R.M.S. Figure 5 is a summary of measurement results at the ANL APS RF system. In the APS case the available reference line power was ~10 dbM less than at Bates, accounting for the difference in the "ref-vs-ref" data point versus the Bates similar data point. Although discussion is outside of the scope of this paper, note the reduced phase jitter of the SLED output versus its input for sections L4 & L5. Many other jitters were measured at the APS, including the jitters of the 119-MHz to 2.856-GHz drive laser PLL, chicane loads, and BPM outputs. APS personnel indicated that they were interested in continuous phase jitter diagnostics using this simple passive mixer approach. 
Wideband (2 -18 GHz) Phase Detector Prototype
Overdriving of the mixer input ports will create junction heating correlated compression resulting in phase calibration errors and drifts, and perhaps reduced service life. On the other hand, raising the RF level on either the RF or LO ports did not increase the IF noise level. It follows therefore that maximum s/n is realized with high power levels. The mixer used, a Mini-Circuits ZEM-4300MH, is specified for +13-dBm LO and "up to +9-dBm RF". When tested with +18 dBm on both ports no thermal drift was measured, but the output was quadrupled. Note below in Fig. 6 , +18-dBm RF is where this mid-level mixers output compresses when tested over a 360+ degree phase shift. To further improve upon the mixer resolution, raise the slope by the use of higher frequencies. This is a realistic implementation because frequency multipliers, dividers, and high-order non-linear cavities are available. The configuration we envision is a dedicated phase jitter/timing diagnostic reference line at a multiple of the linac frequency and band-pass filtered non-linear cavities designed with strong high order components. We explored this via using an M/A-COM "MY85" 2-18 GHz double-balanced mixer. Table 1 shows the results for 1f, 2f, and 4f of 2.856 GHz. The column "mV/180 °" refers to the output swing for a full phase shift via a broadband trombone type phase shifter. Again, the data is the R.M.S. spread of the mean of 360, 6-Hz IF pulses with the mixer nulled. 
